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Noise-Enabled Optical Ratchets
Roberto de J. Leo´n-Montiel1, ∗ and Pedro A. Quinto-Su1, †
1Instituto de Ciencias Nucleares, Universidad Nacional Auto´noma de Me´xico,
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In this work we demonstrate single microparticle transport enabled by noise in a one dimensional
optical lattice with periodic symmetric potentials and a small constant external force. The one
dimensional lattice is implemented by six focused beams with holographic optical tweezers, where a
microparticle is trapped in three dimensions. Transport initiates when dynamical disorder is added
to the diffracted laser power at each trap (±30%) at a fixed frequency (0 to 35 Hz), while the
direction of motion is set by the constant external force. We find that transport is only achieved
within a narrow noise frequency range, which is consistent with simulations, and the predicted
behavior and observations of noise-induced energy transport in quantum and classical systems. To
our knowledge this is the first direct observation of noise-assisted transport in a colloidal system.
PACS numbers: 05.40.Ca, 05.40.-a, 05.60.Cd, 87.80.Cc
Noise has long been considered as detrimental for en-
ergy transport in complex systems. However, recently
it has been shown that for certain coherently evolv-
ing systems, noise can indeed enhance their transport
efficiency [1–6]. This fascinating phenomenon, coined
environment-assisted quantum transport, has been ex-
perimentally observed in systems where controllable
noise has been introduced in order to enhance the transfer
efficiency of electronic [7] and optical [8–10] signals. In-
terestingly, recent theoretical studies have suggested that
this effect may be observed in purely classical systems
[11] and, more importantly, that it could be exploited
to enhance the transport of microscopic objects across
potential energy landscapes [12–14].
Transport across an array of potentials has been
achieved in the micro- and nanoscale domain by means
of ratchet systems, where movement of a particle is me-
diated by a combination of a periodic external force and
asymmetric potentials which privilege motion in one di-
rection while hindering in the opposite [15, 19–25]. These
asymmetric potentials represent the ratchet and the pawl
in the classical Smoluchowski-Feynman ratchet [16–18],
while the periodic force would represent the Brownian
perturbations. There is also the possibility of symmet-
ric potentials synchronized with an external force, which
breaks the temporal (rather than spatial) symmetry of
the system producing directed motion [26–28].
In this contribution, we report on the transport of a
single microparticle across a one-dimensional symmetric
optical lattice by means of dynamical disorder or noise.
The optical potentials are created by focused beams (op-
tical tweezers) that trap the microparticle in three di-
mensions. Movement of the particle is then enabled by
introducing random fluctuations in the power of each in-
dividual trap, changing the depth of the potentials at a
fixed frequency, f , which can take different values be-
tween 0 and 35 Hz. Finally, in order to guarantee a di-
rected motion of the particle, a weak external force is
included in the system. This force is smaller than the
one necessary to make the particle escape the potentials
and hence it is not sufficient to create transport by itself.
The system resembles a tilted Smoluchowski-Feynman
ratchet [29], where a constant external force is added to
the potentials, slightly tilting them in the direction of the
force.
Model– We consider a Brownian particle moving in a
dynamically-disordered one-dimensional potential land-
scape (Fig. 1A), comprising N closely-spaced Gaussian
potential wells (that mimic the optical potentials), of the
form [30, 31]
V (x) = −V0 (t)
N∑
n=0
exp
[
− (x− nL)
2
2σ2
]
, (1)
where V0 (t) and σ stand for the depth and width of
the wells, and L is the separation between them. Be-
cause in the experiment noise is introduced by random
changes in the power at each trap (trap depth), fluc-
tuations in the depth of the wells may be described by
V0 (t) = V0 [1 + φ (t)], with V0 being the average depth of
the wells and φ (t) a Gaussian random variable with zero
average, i.e. 〈φ (t)〉 = 0, where 〈· · ·〉 denotes stochastic
averaging.
The motion of the Brownian particle in a potential
such as the one in Eq. (1) can be well described by the
Langevin equation, in the overdamped limit [32], as
x˙ = − 1
γ
V
′
eff (x) +
√
2kBTγξ (t) . (2)
Here, γ characterizes the friction of the particle which
is immersed in liquid, and
√
2kBTγξ (t) the thermal
noise due to random collisions with the surrounding fluid
molecules. ξ (t) stands for a Gaussian Markov process
with zero average, kB is the Boltzmann constant, and
T the temperature of the system. Notice that, in Eq.
(2), we have defined an effective potential Veff (x) =
V (x)−xδF , where δF is a weak, constant external force.
Because of its construction, one may identify Eq. (2) as a
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FIG. 1. (A) Schematic representation of the optical poten-
tials. (B) Measured power at one trap at 1000 fps for noise
at f = 5, 20 and 30 Hz.
tilted Smoluchowsky-Feynman ratchet [29], with the im-
portant difference that, in our system, the perturbation
δF is used only to guarantee a directed motion of the
particle and not to create transport by itself.
Experiment– The ratchet system is implemented with
standard holographic optical tweezers setup where the
trapping laser has a wavelength of 1064 nm. The opti-
cal potentials are created by adding a two-dimensional
phase to the trapping beam with a spatial light modula-
tor (SLM, Holoeye Pluto NIR-2). The structured laser
beam is simultaneously focused at six spots with a spatial
separation of 1.88 ± 0.05 µm by a 100x microscope ob-
jective (NA 1.25) in a custom inverted microscope with
a piezo-electric stage. The total diffracted power into all
of the potentials is 26 mW (transmitted by the micro-
scope objective). Noise is introduced to the potentials
with random changes in the optical power at a frequency
between 0 and 35 Hz with a standard deviation of ±30%.
The colloid sample is water with silica microbeads (Bangs
Laboratories) that have a mean diameter 2R of 2.47 µm
contained within two microscope coverslips (No. 1, 0.13-
0.16 mm thick) separated by ∼ 100 µm.
The digital holograms for the six periodic optical po-
tentials are calculated with the Gershberg Saxton algo-
rithm (GS) [33] and the weighted GS algorithm [34],
where the amplitudes are varied randomly with different
standard deviations between 5 and 40% while keeping the
mean power constant. The intensity for each resulting
trap array is measured and the holograms are classified
by the measured uniformity in steps of 5%. In this way
we create videos by arranging the calculated holograms
randomly at each uniformity at frame rates between 0.5
to 35 Hz.
The videos are proyected into the SLM while a high
speed camera (Photron SA 1.1) records the dynamics of
the back reflected beam at 1000 fps. Figure 1B shows
the integrated power at one trap driven at different fre-
quencies. We observe that each time the frame changes
there is flickering, which results in a lowering of diffracted
power to the trap. The measured characteristic rise/fall
times (defined at 10-90% of the transition) are: 23.9±5.3
ms and 4.9± 1.2 ms respectively. The time where power
is below 10% is 4.6 ± 2.2 ms, in addition we found that
that the power dropped to less than 1/4 of the mean for
36% of the transitions.
The time to reach a stationary value of the intensity
is about 30 ms, that corresponds to a frequency of 33 Hz
which is close to an upper bound for the noise frequency.
As the frequencies increase the flickering time becomes
comparable to the period of the cycle, so that while the
intensity is rising the pattern switches before it can reach
the stationary value, effectively lowering the mean power
delivered to the trap. This also has the effect of rising the
standard deviation of the time series for the optical power
at each trap. Hence, videos at the highest frame rates of
35 Hz with the highest uniformity in the holograms yield
the lower boundary for the standard deviation which is
about ±30%. In this way, at every video frame rate (or
noise frequency) we choose the hologram set that yields
a variation of ±30 % while adjusting the diffracted power
to keep the mean power in the time series constant at all
the frequencies.
The constant external force is introduced by dragging
the piezo-electric stage at a constant rate of 10 µm/s.
Hence the force is the drag experienced by the spherical
particle which is given by the Stokes expression Fd =
6piηRv, where η is the liquid viscosity and v is the drag
speed. The drag has to be corrected as the particle is
3FIG. 2. Left column: Measured microparticle trajectories for
noise at f = 0, 5, 20 and 30 Hz. Right column: Simulated
trajectories at f = 0, 5, 20 and 30 Hz. The red line represents
the average trajectory over 30 different realizations.
near the bottom boundary at a height h of 16 µm with
the Faxen correction, which to the third order of r =
R/h yields F = Fd/(1 − 9r/16 + r3/8) [35], and has a
contribution of +4% compared to the Stokes expression.
The force necessary to leave the potentials is given
by the escape velocity. The measured escape veloc-
ity for different patterns with the highest uniformity is
52 ± 12 µm/s. Therefore the external force of 10 µm/s
is not enough to induce transport with a static pattern,
even for the potential wells that have the lowest power.
The effect of flicker, where for some events the intensity
drops to very low values, the particle can be essentially
free for about 5 ms that would result in a displacement
of 50 nm (drag speed of 10 µm/s) which is not enough to
reach a neighboring potential well.
The experiments are done with noise frequencies f be-
tween 0 and 35 Hz, and the dynamics of the micropar-
ticle are recorded at 125 fps during 60 seconds for each
f value. A sample of the measured trajectories for se-
lected frequencies are shown in the left column of Fig.
2. The right column shows the simulated trajectories for
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FIG. 3. Average speed of the particle as a function of the
noise correlation time τ = 1/f . Experimental results: round
symbols (dotted line to guide the eye), were obtained by av-
eraging the speed of the particle over 30 realizations. The red
solid line represents the simulated average speed of the parti-
cle numerically obtained for the same number of realizations.
the same noise frequencies using the model described by
Eq. (2). The thick red line represents the average over
all trajectories, and the slope of that line is the mean
transport speed. We observe that, as expected, there is
no transport for a static pattern since the drag speed is
smaller than the escape velocity. As the noise frequency
increases the optimum transport speed is reached at 5
Hz for the experiment and simulations, while for larger
noise frequencies the transport diminishes and stops at 30
Hz in the experiment, whereas the simulation still shows
transport with very low transport speeds.
Figure 3 shows the measured average transport speeds
(round symbols) as a function of the noise correlation
time, which we define as the inverse of the noise frequency
τ = 1/f . The continuous red line represents the results
for the simulations which agree reasonably well in the
whole range with a small discrepancy at the highest fre-
quencies. The results show that whether noise-assisted
transport occurs depends on a competition of time scales.
In particular, we can compare the configurational relax-
ation time of the particle—the time τcr ≃ ηR3/(2kBT )
needed for the particle to diffuse across its own radius
[36, 37]—and the noise correlation time τ . At short cor-
relation times (high frequencies), the optical potentials
change so fast, compared to the dynamics of the system,
that the particle does not “feel” any change in the energy
landscape. In this case, the particle is likely to remain
trapped in each realization, thus leading to a small aver-
age speed of about 0.4 µm/s. When increasing the cor-
relation time τ , the average speed of the particle grows
up to 2.3 µm/s. Interestingly, the maximum value of the
particle’s average speed is reached when the noise cor-
relation time is of the same order as the configurational
4relaxation time of the particle, which for our experiment
corresponds to τcr ≃ 0.22 s. This is essentially the same
value for τ at the maximum transport speed. In this
situation, the particle diffuses at the same rate as the
potentials change, which effectively increases the proba-
bility of the particle to escape from one potential to the
other. Finally, for larger correlation times, the average
speed of the particle drops rapidly to zero. This is due
to the fact that the correlation time of the noise becomes
so large that the optical potentials do not change during
each measurement, resulting in a system that is no longer
affected by noise.
Noise-assisted transport has been previously explained
as the suppression of coherent quantum localization
through noise, bringing the detuned quantum levels into
resonances and thus facilitating energy transfer [3, 5].
The results presented here show that this phenomenon
can be observed in a broader class of systems. This opens
interesting routes towards new methods for enhancing
the efficiency of the ratchet mechanism, from particle
sorting systems to efficient molecular motors. In this way,
a phenomenon initially conceived in a quantum scenario
has shown to apply as well in classical macroscopic sys-
tems, widening the scope of possible quantum-inspired
technological applications.
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